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Linerless  composite  tanks  made  from  continuous  carbon  fiber  reinforced  polymers  will 
enable  significant  mass  and  cost  savings  over  lined,  composite  overwrapped  tanks.  The  key 
technical  challenge  in  developing  these  linerless  tanks  will  be  to  choose  and/or  design  the 
material  to  resist  microcracks  that  may  lead  to  leakage.  Microcracks  are  known  to  form  in 
the  matrix  of  a  composite  due  to  mechanical  stresses  transverse  to  the  reinforcing  fiber 
direction.  This  paper  presents  an  approach  for  characterizing  the  accumulation  of 
microcracks  in  linerless  composite  tank  materials  under  cyclic  mechanical  loading 
associated  with  multiple  fill-and-drain  pressure  cycles.  The  model  assumes  that  the  rate  of 
microcrack-damage  accumulation  is  related  to  the  microcracking  fracture  toughness  of  the 
material  through  a  modified  Paris-law  formulation.  A  key  artifact  of  this  model  is  that 
microcrack-damage  accumulation  under  cyclic  load  can  be  predicted  from  only  two  material 
constants.  This  damage  accumulation  model  is  validated  through  a  series  of  coupon  tests, 
and  an  illustrative  example  is  presented  to  demonstrate  how  the  model  can  be  used  to 
predict  the  microcracking  performance  of  a  linerless  composite  tank  subjected  to  fatigue 
cycles. 
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microcrack  density 
change  in  total  crack  area 
change  in  microcrack  density 
change  in  number  of  applied  cycles 

difference  in  fiber  and  transverse  composite  coefficient  of  thermal  expansions 
microcracking  energy  release  rate 
uniaxial  cyclic  load  reversal 

change  from  stress-free  temperature  to  test  temperature 

effective  modulus  of  the  cross-ply  laminate 

transverse-ply  modulus 

longitudinal  composite  modulus 

transverse  composite  modulus 

microcracking  energy  release  rate 

critical  engery  release  rate  for  microcracking 

composite  shear  modulus 

number  of  applied  cycles 

experimentally  determined  material  constant 

Poisson’s  ratio 

normalized  microcrack  spacing 
maximum  stress  level 
minimum  stress  level 

thickness  of  the  90°  unidirectional  plies  in  a  cross-ply  laminate 
thickness  of  the  0°  unidirectional  plies  in  a  cross-ply  laminate 


I.  Introduction 

Composite  tanks  and  pressure  vessels  that  are  widely  used  in  commercial  and  aerospace  applications  typically 
incorporate  a  metallic  liner.  The  design  of  metal-lined,  composite-over- wrapped  pressure  vessels  (COPVs)  is 
well  understood  and  standardized.^  These  structures  have  demonstrated  significant  weight  savings  over  the  lightest 
available  monolithic  metallic  designs,  and  have  spaceflight  heritage  dating  back  to  the  Apollo  program.  However, 
the  mismatch  in  the  thermal  expansion  characteristics  between  the  metallic  liner  and  composite  shell  of  a  cryogenic 
COPY  tank  poses  serious  challenges.  In  addition,  the  metal  liners  are  difficult  to  fabricate,  can  constitute  up  to  half 
of  the  tank’s  total  weight,  and  require  a  significant  percentage  of  the  tank  fabrication  time  and  cost.  Consequently, 
the  next  significant  advancement  in  the  evolution  of  composite  tanks  will  come  through  elimination  of  the  liner, 
resulting  in  a  less  expensive,  lighter-weight,  linerless  composite  tank. 


A.  Potential  Impact  of  Linerless  Composite  Tank  Technology 

Linerless  composite  tanks  are  being  considered  by  the  Department  of  Defense  for  applications  that  can  benefit 
from  the  weight,  cost,  and  schedule  advantages  that  these  structures  offer.  Because  of  their  lower  launch  mass,  fewer 
part  count,  and  quick  manufacturing  turn-around  time,  reusable  linerless  composite  tanks  will  be  enabling  for  launch 
vehicles,  especially  in  their  upper  stages,  for 
the  ‘Operationally  Responsive  Space  Launch 
Initiative’  (Figure  1).  Ultra-lightweight 
linerless  composite  tanks  will  also  be 
essential  for  Unmanned  Air  Vehicles  and 
High  Altitude  Airships  where  the  tanks  must 
survive  multiple  fill  and  drain  cycles  to 
complete  their  missions. 

Composite  Technology  Development 
(CTD)  has  developed  Kiboko™  lightweight 
composite  tanks,  which  due  to  the  lack  of  a 
liner,  provides  for  the  lightest  possible  weight 
pressure  vessels  for  a  given  set  of 
requirements.^  Designs  have  shown  an  approximately  50%  weight  savings  over  metal  tanks  and  approximately  a 
15%  weight  savings  over  metal  lined,  composite  overwrapped  tanks,  allowing  increased  fuel  storage  volume  and/or 
reduced  total  system  mass  and  volume.  If  properly  designed,  Kiboko  pressure  vessels  can  also  reduce  the 


Figure  1.  Linerless  composite  tanks  will  enable  several 
future  missions  such  as  launch  vehicles  for  Responsive 
Space  (left)  and  Unmanned  Air  Vehicles  (right). 
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operational  risks  and  maintenance  costs  over  their  lifetime  due  to  their  inherently  simple  construction.  Kiboko  tanks, 
which  do  not  utilize  a  polymer  or  metallic  liner,  require  the  composite  shell  to  serve  both  as  a  permeation  barrier  as 
well  as  the  structure  necessary  to  carry  all  pressure  and  environmental  loads.  Previous  attempts  at  linerless 
composite  tanks,  by  others,  showed  that  these  tanks  prematurely  leaked  and  structurally  degraded.  CTD  has 
overcome  these  inadequacies  by  developing  engineering  methods  that  define  specific  material  performance 
requirements  to  prevent  this  premature  leakage  and  structural  failure.  Furthermore,  CTD  has  developed  and 
demonstrated  materials  that  provide  the  performance  dictated  by  these  engineering  models.^ 

B.  Designing  Linerless  Composite  Tanks  to  Minimize  Permeation 

Realizing  practical  linerless  composite  tanks  involves  numerous  technical  challenges.  For  these  tank  structures  to 
be  reusable  over  several  fill-pressure-drain  cycles,  the  composite  materials  must  exhibit  long-term  structural 
integrity  and  minimal  leakage  due  to  accumulation  of  damage  under  mechanical  fatigue  load.  Furthermore,  unlike 
traditional  lined  tanks,  linerless  composite  tanks  depend  on  the  composite  shell  to  serve  as  a  permeation  barrier  in 
addition  to  carrying  all  pressure  and  environmental  loads.  Therefore,  understanding  the  microcracking  damage 
propagation  and  the  resulting  permeation  of  fluids  under  the  tank’s  operating  conditions  is  a  primary  concern  for 
optimizing  the  design  of  these  tank  structures.  Success  in  developing  these  new  tanks  will  hinge  on  success  in 
developing  new,  toughened  resin  materials  that  are  specially  tailored  for  the  applications,  and  new  analysis  tools  and 
test  protocols  that  can  verify  the  new  materials  meet  both  the  macro-scale  and  the  micro-scale  requirements.^ 

Numerous  research  efforts  in  the  past  have  focused  on  models  to  predict  the  fatigue  life  of  composite  materials 
based  on  the  failure  stress  vs.  cycles  (S-N)  curves  of  the  material."^'^  Several  studies  have  also  focused  on 
phenomenological  models,  based  on  continuum  damage  mechanics,  to  predict  residual  stiffness/strength  of 
composites  subjected  to  cyclic  load.^'^^  Unfortunately,  these  models  fail  to  take  into  account  the  matrix-dominated 
damage  modes  like  microcracking  or  delamination.  Progressive-damage  models,  which  are  based  on  a  physically 
sound  modeling  of  underlying  damage  mechanisms,  have  been  proposed  recently  to  address  matrix  cracks  and 
delamination. A  vast  body  of  research  has  also  focused  on  characterizing  composites  to  prove  their  feasibility  in 
propellant  tanks  for  reusable  launch  vehicles  with  thermal  cycle  profiles  that  include  cryogenic  temperatures. 

The  progressive  damage  mechanics  model  that  shows  the  most  promise  for  predicting  microcrack  damage  (and 
subsequent  permeation),  is  based  on  the  concept  of  microcracking  fracture  toughness  originally  proposed  by  Nairn. 
18-22  basic  assumption  of  the  microcracking  fracture  toughness  theory  is  that  microcracking  damage  occurs  by 
fracture  events  in  which  full  microcracks,  spanning  the  ply  thickness,  appear  instantaneously  (i.e.,  there  are  no 
partial  microcracks).  The  instant  of  formation  of  the  microcrack  is  predicted  when  the  total  energy  released  by  the 
formation  of  that  microcrack,  Gm  reaches  the  critical  energy  release  rate  for  microcracking,  Gmc,  or  the 
microcracking  fracture  toughness.  With  proper  use  of  this  model  of  microcracking,  one  can  predict  results  for  a  wide 
variety  of  laminates  from  a  single  value  of  Gmc-  CTD  has  already  adopted  this  modeling  technique  to  screen  and  rank 
composite  materials  suitable  for  fabricating  linerless  composite  tanks  according  to  their  G^c-  Extension  of  this 
concept  to  cyclic  thermo-mechanical  loading  supplements  the  material  characterization  done  to  date  in  CTD  and 
provides  a  robust  methodology  for  optimizing  the  tank  performance  against  pressure  cycles. 

The  goal  of  the  current  paper  is  two-fold:  1)  explain,  through  analytical  models,  the  mechanism  of  damage 
initiation  and  growth  in  a  linerless  composite  a  tank  material  subjected  to  cyclic  mechanical  loading;  and  2) 
characterize,  through  experiments,  the  damage-resistant  performance  of  a  new,  toughened  resin  material  being 
developed  by  CTD  for  these  applications. 


II.  Analytical  Modeling 

The  analytical  model  used  in  this  paper  for  describing  microcrack  evolution  in  composite  laminates  was 
originally  proposed  by  Nairn  et  al,"^'^  and  uses  an  empirical  parameter  called  the  microcracking  fracture  toughness  to 
predict  the  growth  of  microcrack  density  in  a  cross-ply,  composite  laminate  subjected  to  mechanical  loads  (see 
Figure  2).  Since  a  cross-ply  laminate  is  the  building  lock  of  essentially  all  laminate  architectures  for  linerless 
composite  tanks,^  tank  designers  can  use  this  analytical  model  to  optimize  the  tank  design  to  maximize  the  amount 
of  cycles  before  microcracking  and  leakage  occurs.  The  model  predicts  how  microcracks  in  the  transverse  (i.e.,  90°) 
ply  of  the  unit  cell  evolve  as  a  function  of  cyclic  loads.  Specifically,  this  model  relates  microcrack  density  to  the 
global  constitutive  response  (e.g.,  elastic  modulus)  and  the  material  microcrack  fracture  toughness. 
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As  derived  by  Nairn,  the  microcracking  energy  release  rate, 
AGm,  due  to  the  formation  of  new  microcracks  under  a  uniaxial 
cyclic  load  of  Acrin  a  cross-ply  laminate  is: 
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where,  C3  is  a  function  of  the  transverse-ply  modulus  Ej  and  the 
thicknesses  of  the  unidirectional  plies  of  the  cross-ply  laminate  ti 
and  t2  shown  in  Figure  2.  £"0  is  the  effective  modulus  of  the  cross- 
ply  laminate,  p  is  the  normalized  crack  spacing  {p=a/t j  as  related  in 
Figure  2),  and  ^p)  is  the  excess  strain  energy  per  unit  cell  caused 
by  microcracks  and  is  given  by: 


Z{p)  =  2ap(p  +  0^'^ 


cosh(2^zp)  -  cos(2y5p) 
P  sinh(26r/7)  asm{2l3p) 


(2) 


where,  a  and  P  are  functions  of  the  elastic  properties  of  the 
material.  The  microcrack  density,  D,  is  the  number  of  cracks  over  a  set 
as: 


Aa  Aa 
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Figure  2.  A  unit  cell  of  damage  for 
microcracking  in  [0/90]s  laminates. 

length.  This  relation  can  be  seen  in  Figure  2 


2a  2p\ 

The  microcrack  energy  release  rate,  AG^,  as  derived  from  Eq.  (1)  through  Eq.  (3),  is  plotted  as  a  function  of  the 
microcrack  density,  T),  in  Eigure  3. 

The  increase  in  microcrack  density  per  cycle,  &D/&N,  is  determined  from  experiments,  where  D  is  the  measure  of 
damage  variable  or  crack  density  and  N  is  the  number  of  cycles.  The  change  in  microcracking  energy  release  rate, 
AGm,  during  the  mechanical  cyclic  load  is  computed  from  analytical  models. Combining  these  effects,  a  modified 
Paris  law  of  the  form^^’^^ 


- =  A(AG^)^  (4) 

dN 

is  hypothesized  for  the  composite  materials,  and  is  to  be  verified  from  material  testing. 

The  material  constants  A  and  n  in  Eq.  (1)  can  be  determined  using  the  following  experimental  procedure.  Eirst, 
the  microcrack  density  of  the  specimen,  D,  is  determined  at  several  applied-load  cycles,  N.  Theses  results  are  then 
plotted  as  shown  in  Eigure  4,  and  the  slope  in  linear  region  of  the  plot,  which  is  dD/dN,  is  identified.  Einally,  results 


Microcrack  Density,  (1/mm) 


Figure  3.  Energy  release  rate  versus  microcrack  Figure  4.  Paris-Law  region  for  experimental  fatigue 

density  due  to  cyclic  loading.  data  for  a  cross-ply  [0x,90y]s  laminate. 
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for  &D/dN  can  be  plotted  versus  AG^  (as  determined  using  Eq.  (1))  on  a  log-log  plot,  and  the  constant  A  (from  Eq. 
(4))  can  be  calculated  from  the  intercept,  and  n  can  be  calculated  from  the  slope  of  the  log-log  plot.  The  constant  A 
describes  a  threshold  value  for  microcrack  initiation  during  cyclic  loading  and  n  represents  the  rate  of  growth  of 
microcrack  density.  A  lower  value  of  A  indicates  a  greater  resistance  to  microcrack  initiation.  A  lower  value  of  n 
indicates  a  lower  rate  of  microcrack  nucleation  and  multiplication  during  fatigue  cycling. 

The  elegance  of  this  progressive-damage-accumulation  model  lies  in  the  fact  that  it  only  requires  experimental 
determination  of  two  material-dependent  parameters,  A  and  n.  These  two  experimentally  determined  parameters  are 
unique  to  the  material,  and  once  determined,  can  be  used  for  a  variety  of  laminate  geometries  and  architectures. 
This  eliminates  the  need  for  repeated  fatigue  testing  of  different  laminate  architectures. 

III.  Materials  and  Experimental  Procedures 

A.  Selection  of  Material  System 

The  material  system  selected  for  testing  was  Toray  T700S  carbon  fiber  impregnated  with  CTD-7.1  resin  system. 
CTD-7.1  is  a  highly  toughened  matrix  system  developed  by  CTD  that  has  shown  significant  resistance  to  microcrack 
formation  under  static  mechanical  load.^  In  addition  it  has  a  low  viscosity  and  long  working  time  suitable  for  wet 
filament  winding  of  linerless  composite  tanks.  The  goal  of  the  current  work  is  to  investigate  how  this  composite 
material  system  performs  under  cyclic  mechanical  loading. 

B.  Laminate  Fabrication  and  Test  Sample  Preparation 

Test  specimens  were  cut  from  laminates  that  were  fabricated  from 
Toray  T700S  carbon  fiber  tow  and  CTD-7.1  resin  using  a  wet- 
filament- winding  process  on  a  flat  paddle  (Eigure  5).  The  flat  paddle 
mandrel  was  designed  to  be  rotated  90  degrees  in  between  plies, 
thereby  allowing  a  [0,902]  cross-ply  laminate  architecture  to  be 
fabricated.  The  cross-ply  orientation  was  selected  to  simulate  the 
laminate  construction  of  a  filament-wound  composite  tank  which 
typically  comprises  interspersed  hoop  and  low-angle-helical  plies. 

The  laminates  were  cured  under  consolidation  pressure  provided  by  a 
heated  laminate  press  to  achieve  a  nominal  cured  thickness  of  1.55 
mm  and  a  fiber  volume  fraction  of  60  percent. 

Test  specimens  of  [0,902] §  configuration  were  then  cut  from  these 
laminates  with  the  0°  plies  on  the  outside  being  orientated  in  the 
loading  direction  and  the  inner  90°  plies  oriented  transverse  to  the 
loading  direction.  The  test  specimens  were  machined  to  a  nominal 
length  of  200  nun  and  width  of  12.7  nun.  Eiberglass  tabs  were 
bonded  to  the  specimen  to  facilitate  gripping  the  specimen  while 
lessening  grip  affects.  Both  edges  of  each  specimen  were  polished  up 
to  a  3  micron  AI2O3  slurry  to  ensure  visibility  of  the  microcracks  in 
the  90°  plies  of  the  test  coupons.  A  single  strain  gage  oriented  in  the  0°  direction  was  affixed  to  the  center  of  the 
specimen.  The  specimen  was  gripped  using  a  set  of  serrated  compression  grips  that  were  tightened  directly  onto  the 
specimen  using  a  series  of  bolts.  Prior  to  testing,  the  polished  edges  of  the  samples  were  inspected  to  insure  that  the 
specimen  was  not  damaged  during  preparation. 

C.  Experimental  Procedure 

The  goal  of  the  experiments  was  to  determine  a  plot  of  microcrack  density  versus  applied  fatigue  cycle  for  three 
different  loading  conditions.  All  tests  were  performed  on  a  servo-hydraulic  test  machine  at  room  temperature  (25° 
C).  Specimens  were  fatigued  to  a  maximum  of  50,000  cycles  under  load-control  conditions.  The  loading  conditions 
were  chosen  to  represent  the  pressure  cycles  of  a  composite  tank  in  use.  The  three  loading  conditions,  based  on 
laminate  strains  of  0.5%,  0.67%,  and  0.75%,  were  applied.  All  of  these  loading  conditions  resulted  in  a  measurable 
number  of  microcracks  within  the  maximum  tested  cycles. 


Figure  5.  Laminate  for  making  test 
specimens  being  filament-wound  on 
a  flat  paddle. 
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Each  specimen  was  loaded  in  tension  using 
displacement  control  initially  to  determine  the  load 
corresponding  to  the  desired  strain  level.  Once  this 
maximum  load,  and  corresponding  maximum  stress, 
was  determined,  the  test  machine  was 
programmed  to  operate  under  load  control  and  the 
sample  was  fatigued  between  the  minimum,  and 
the  maximum,  G^ax^  stress  levels.  The  tests  were 
conducted  at  1  Hz  using  a  ratio  of  minimum-to- 
maximum  stress  of  (7^/^/(7^a;t=0.1.  The  test  was 
stopped  at  specified  intervals  to  count  the  microcracks 
along  the  specimen’s  polished  edges  using  a  handheld 
digital  microscope  (Figure  6).  The  microcrack  density 
was  obtained  by  averaging  the  microcrack  count  from 
both  sides  divided  by  the  specimen  gage  length.  A  plot 
of  applied  cycles  versus  microcrack  density  was  obtained  for  each  specimen  by  repeating  this  procedure  at 
increasing  numbers  of  completed  cycles  and  by  averaging  the  results  of  multiple  specimens  for  each  loading 
condition. 


Figure  6.  Microcrack  as  detected  with  the  digital 
microscope. 


IV.  Experimental  Results 

The  test  results  of  microcrack  density  versus  applied  cycles  for  the  CTD-7.1  material  are  shown  in  blue  in  Figure 
7  through  Figure  9.  These  three  plots  show  how  microcracks  form  under  fatigue  loading  at  the  three  loading 
conditions.  In  these  plots,  the  microcrack  density,  D,  is  plotted  along  the  abscissa  and  the  number  of  fatigue  cycles, 
A,  is  plotted  on  the  right-hand  ordinate.  For  microcrack  densities  up  to  D  =  0.2-0. 3,  the  D  vs.  A  data  are  well 
represented  by  a  linear  fit,  indicating  a  constant  rate  of  microcrack  growth,  dD/dN  (green  lines  in  Figure  7  through 
Figure  9).  This  confirms  the  validity  of  Eq.  (1)  within  this  region. 

The  microcrack  energy  release  rate,  AGm,,  can  be  calculated  using  Eqs.  (1)  through  (4)  and  the  material 
properties  and  specimen  dimensions  shown  in  Table  1.  The  ply  thicknesses  are  defined  by  tj  and  t2  as  shown  in 
Figure  2.  The  loading  stress  corresponding  to  the  various  strains  of  0.5%,  0.67%  and  0.75%  were  used  in  Eqs.  (2) 
and  (4)  to  attain  microcrack  energy  release  rate  for  each  case.  These  results  are  also  plotted  in  Figure  7  through 
Figure  9  (see  red  curves)  and  referenced  to  the  left-hand  ordinate  in  these  plots. 


Table  1.  Material  properties  of  T700/CTD-7.1  composite  and  specimen  geometry  used  to 
calculate  the  microcrack  energy  release  rate. 


El 

Vi2 

E2 
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Aa 

AT 

h 

h 

(Pa) 

(Pa) 

(Pa) 

(1/K) 

(K) 

(mm) 

(mm) 

1.27E-H11 

0.28 

8.91E-H9 

3.45E-H9 

1.45E-5 

-58 

0.52 

0.26 

In  order  to  determine  the  two  material-dependent  parameters,  A  and  n,  a  log-log  plot  was  made  of  microcrack 
energy  release  rate,  AGm,  versus  the  crack  growth  rate,  dD/dN,  within  the  linear  region  of  response.  A  power  curve 
was  fit  to  this  data  in  Figure  10,  and  the  best- fit  values  for  the  material  constants  A  and  n  were  found  to  be  1.18E-14 
and  3.76,  respectively.  It  is  easy  to  see  by  the  linear  fit  of  the  data  on  the  log-log  plot  in  Figure  10  that  the  power- 
law  relationship  matches  well  with  the  experimental  data.  This  good-quality  data  fit  validates  that  the  analysis 
method  described  above  accurately  captures  the  microcracking  response  under  cyclic  loading.  The  key  result  of  this 
analysis-test  correlation  is  that  the  resistance  of  materials  to  microcrack  formation  can  be  compared  by  comparing 
just  two  material  constants,  A  and  n.  A  lower  value  of  A  indicates  greater  microcrack  resistance,  whereas  a  lower 
value  of  n  indicates  a  lower  rate  of  microcrack  nucleation  and  multiplication  during  fatigue  cycling.  These 
parameters  provide  an  easy  basis  for  comparison  of  materials,  and  allows  for  new  materials  that  will  function  better 
in  tank  applications  to  be  more  easily  developed. 
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Figure  7.  Microcrack  energy  release  rate  and  applied  cycles  versus  microcrack  density  for  an  applied  stress 
corresponding  to  an  initial  strain  of  0.50%. 
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Figure  8.  Microcrack  energy  release  rate  and  applied  cycles  versus  microcrack  density  for  an  applied 
stress  corresponding  to  an  initial  strain  of  0.67  %  . 
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Microcrack  Density,  (1/mm) 

Figure  9.  Microcrack  energy  release  rate  and  applied  cycles  versus  microcrack  density  for  an  applied 
stress  corresponding  to  an  initial  strain  of  0.75%. 


AG„,  (J/m^') 

Figure  10.  Log  plot  of  microcrack  energy  release  rate  versus  dD/dN. 
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Appiied  Cycies 


V.  Illustrative  Example 

An  illustrative  example  is  used  to  demonstrate  how  the  analytical  model  proposed  here  can  be  used  to  predict  the 
degree  of  microcracking  in  a  composite  tank  subjected  to  cyclic  pressure  loads  due  to  fill  and  drain.  Since  the 
cylindrical  section  of  a  filament-wound  composite  tank  consists  of  interspersed  layers  of  hoop  and  helical  plies 
subjected  to  a  biaxial  stress  state,  a  cross-ply  laminate  of  [0/90] s  construction  can  be  considered  to  be  a  building 
block  for  damage  (microcrack)  analysis  of  the  tank.^  The  constants,  A  and  n,  of  the  analytical  model  of  damage 
growth  are  material  constants  and  can  now  be  used  to  predict  the  damage  growth  in  a  cross-ply  laminate  with  ply 
thickness  representing  the  tank  wall. 

The  illustrative  example  chosen  here  uses  ply  thickness  (see  Figure  2)  of  t]=  t2  =  O.lSnnn  which  are  typical  of 
filament  wound  linerless  composite  tanks  fabricated  by  CTD.  These  ply  thicknesses  are  much  smaller  than  those  in 
the  specimens  used  in  the  experiments.  The  material  properties  used  in  the  computation  for  the  illustrative  example 
are  the  same  as  listed  in  Table  2.  The  loading  conditions  were  once  again  selected  based  on  laminate  strains  of 
0.50%,  0.67%  and  0.75%  in  the  undamaged  laminate.  The  microcrack  energy  release  rates  as  well  as  the 
corresponding  microcrack  growth  rate  for  each  strain  level  are  presented  in  Table  2.  Figure  11  plots  the  applied 
cycles  versus  microcrack  density  for  the  theoretical  tank  laminate.  These  plots  can  be  used  to  predict  the  number  of 
pressure  cycles  that  a  linerless  composite  tank  can  be  subjected  to  before  a  critical  threshold  of  microcrack  density  is 
reached  for  a  given  operating  strain  that  results  in  leakage. 

Table  2.  Microcrack  energy  release  rates  and  corresponding  microcrack  growth 

rate  for  each  strain  level. 


strain 

(Cyclic) 

AGfn 

A 

n 

dD/dN 

(%) 

(JW) 

(1/mm/cycle) 

0.50 

80 

1.18E-14 

3.76 

8.05E-09 

0.67 

133 

1.18E-14 

3.76 

1.93E-07 

0.75 

163 

1.18E-14 

3.76 

6.80E-07 

Figure  11.  Applied  cycles  versus  microcrack  density  for  a  representative  tank  laminate. 
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It  can  be  seen  from  Figure  11,  that  the  microcrack  densities  are  extremely  low,  an  order  of  magnitude  less  than 
the  same  reported  in  the  experiments,  even  at  the  0.67%  strain  level  after  50,000  cycles.  This  is  attributed  to  the  fact 
that  the  resistance  to  microcrack  formation  in  a  composite  ply  is  significantly  better  when  the  ply  thickness  is 
smaller. 


VI.  Summary 

Microcracking  in  composite  laminates  subjected  to  cyclic  mechanical  loads  is  an  obstacle  to  the  development  of 
linerless  composite  tanks.  This  damage  can  affect  not  only  the  structural  integrity  of  the  tank,  but  may  lead  to 
leakage  of  fluid  through  the  tank  walls.  In  this  study,  the  evolution  of  damage  in  the  form  of  microcracks  in 
transverse  plies  of  a  cross-ply  laminate  subjected  to  uniaxial  cyclic  loading  was  investigated.  First,  an  analytical 
model  for  damage  accumulation  under  fatigue  loading  that  is  based  on  the  concept  of  microcracking  fracture 
toughness  is  discussed.  The  model  assumes  that  the  rate  of  damage  growth  in  the  material  under  uniaxial  cyclic 
loading  can  be  related  to  the  microcracking  energy  release  rate  of  the  material  through  a  modified  Paris-law 
formulation.  A  key  artifact  of  this  model  is  that  damage  growth  in  composite  materials  can  be  predicted  from  only 
two  intrinsic  material  constants:  the  microcracking  fracture  toughness  and  two  Paris-law  parameters. 

To  validate  this  damage-accumulation  model,  a  series  of  tests  were  performed  on  cross-ply  laminates  of  [0/90] s 
construction,  which  represent  a  typical  “building  block”  for  filament-wound  composite  pressure  vessels.  The 
material  tested  was  a  carbon- fiber  composite  laminate  fabricated  with  one  of  CTD’s  novel,  toughened  matrices. 
Experimental  results  of  microcracking  as  a  function  of  cyclic  load  were  analyzed  and  found  to  compare  well  with 
the  trends  assumed  in  the  analytical  model.  An  illustrative  example  was  presented  to  demonstrate  how  the  analytical 
model,  along  with  the  three  empirically  derived  material  parameters,  can  be  used  to  predict  the  microcracking 
performance  of  composite  laminates  in  a  linerless  composite  tank  under  mechanical  fatigue  cycles. 
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